Abstract-Mutations in the HERG gene are linked to the LQT2 form of the inherited long-QT syndrome. Transgenic mice were generated expressing high myocardial levels of a particularly severe form of LQT2-associated HERG mutation (G628S). Hearts from G628S mice appeared normal except for a modest enlargement seen only in females. Ventricular myocytes isolated from adult wild-type hearts consistently exhibited an inwardly rectifying E-4031-sensitive K ϩ current resembling the rapidly activating cardiac delayed rectifier K ϩ current (I kr ) in its time and voltage dependence; this current was not found in cells isolated from G628S mice. Action potential duration was significantly prolonged in single myocytes from G628S ventricle (cycle lengthϭ1 second, 26°C) but not in recordings from intact ventricular strips studied at more physiological rates and temperature (200 to 400 bpm, 37°C). ECG intervals, including QT duration, were unchanged, although minor aberrancies were noted in 20% (16/80) of the G628S mice studied, primarily involving the QRS complex and, more rarely, T-wave morphology. The aberrations were more commonly observed in females than males but could not be correlated with sex-based differences in action potential duration. These results establish the presence of I Kr in the adult mouse ventricle and demonstrate the ability of the G628S mutation to exert a dominant negative effect on endogenous I Kr in vivo, leading to the expected LQT2 phenotype of prolonged repolarization at the single cell level but not QT prolongation in the intact animal. The model may be useful in dissecting repolarization currents in the mouse heart and as a means of examining the mechanism(s) by which the G628S mutation exerts its dominant negative effect on native cardiac cells in vivo. (Circ Res. 1998;83:668-678.)
T he inherited long-QT syndrome (LQTS) is an autosomal dominant disease associated with syncope and sudden death due to repolarization abnormalities and the onset of a rare but life-threatening polymorphic ventricular tachycardia known as torsade de pointes. 1 Five human genetic loci linked to LQTS have been identified so far, and 4 of these encode specific ion channel subunits in the heart. [2] [3] [4] [5] [6] [7] [8] [9] The form of LQTS linked to chromosome 7 (LQT2) involves multiple mutations in the HERG gene encoding the rapidly activating cardiac delayed rectifier K ϩ current (I Kr ) channel. 10 -13 When studied in vitro, these mutations result in a spectrum of HERG channel dysfunction, including loss of function and dominant negative suppression of the HERG-associated current. The G628S mutation appears to have the most severe effect on I Kr when coexpressed with wild-type (WT) HERG in Xenopus oocytes, with the presence of a single G628S subunit in a tetrameric channel rendering the entire channel nonfunctional. 14 The HERG mutations and the resulting defect in repolarizing current are of particular interest, because an acquired form of LQTS can be induced by drugs that specifically block I Kr . 1 Both congenital and acquired forms of LQTS show a female preponderance [15] [16] [17] [18] that would not be expected in an autosomal dominant disease, suggesting the presence of modifying factors that can precipitate or prevent the appearance of QT prolongation and related arrhythmia. These factors have not been defined as yet.
Electrophysiological studies have demonstrated that I Kr plays a dominant role in repolarizing the embryonic and neonatal mouse heart, 19 -21 but this current appears to be developmentally regulated and difficult to detect in the adult. 22 However, mouse ERG (MERG) transcript is abundantly expressed in adult mouse atrium and ventricle, existing as 3 alternately processed isoforms that differ only in their NH2-terminal domains and share significant sequence homology with HERG. 23, 24 MERG1b (MERGB) is selectively expressed in the heart, whereas MERG1a (MERGA) has a wider tissue distribution. Human homologues of these isoforms have also been identified (HERGA, HERGB), 24 and it has been suggested that native cardiac I Kr current may be formed by the coassembly of the 2 subunits. 23 All known mutations associated with LQT2 occur in regions common to both isoforms, 3, 11, 14 although a preliminary report of mutations in nonconserved regions has recently been published. 25 The mouse has become an important species for modeling cardiovascular disease. 26 To determine whether the mouse heart might provide a useful model of human LQTS, we created transgenic mice expressing the HERG G628S mutation in the myocardium using a cardiac-specific promoter. These studies establish, for the first time, both the existence of an endogenous I Kr in the adult mouse ventricle and the ability of the G628S mutation to exert a dominant negative effect on I Kr in vivo. However, abolition of I Kr did not lead to QT prolongation in intact animals but did increase action potential duration in single myocytes studied at slow rates and room temperature. Minor ECG abnormalities primarily involving the QRS complex were observed in some transgenic animals and appeared to distribute in a sex-specific manner.
Materials and Methods

Creation of Transgenic Mice
The full-length WT HERG sequence in pGH19 (a gift from Dr Gail Robertson, University of Wisconsin, Madison) was modified by using recombinant polymerase chain reaction (PCR) primer pairs to produce the G628S mutation containing a silent BstBI restriction site. An auxiliary 198-bp SV40 polyadenylation sequence tag was subcloned immediately 3Ј to the 427-bp HERG 3Ј UTR. The modified HERG cDNA was subcloned into pGEM11Z and completely sequenced in both directions. The DNA construct for microinjection into mouse embryos was created by subcloning the modified HERG coding sequence into pBluescript II, downstream of the 5.5-kb murine ␣-cardiac myosin heavy chain gene promoter (a gift from Dr Jeffrey Robbins, University of Cincinnati), which contains introns and the first 2 noncoding exons. The plasmid was altered to accommodate an extra polylinker sequence (SalI, ClaI, HindIII, NotI, SfiI, EagI, KpnI) inserted into the SalI-KpnI sites for subcloning of HERG. The Ϸ9.6-kb transgene fragment was isolated by NotI digestion, gel-purified, further purified by cesium chloride density gradient centrifugation and dialyzed extensively against 5 mmol/L Tris (pH 7.4) and 0.1 mmol/L EDTA. The transgene was microinjected into the male pronucleus of fertilized FVB/N mouse embryos. Founder transgenic mice were identified by PCR and Southern blot analysis of genomic DNA isolated from tail clips. Founders were backcrossed to WT FVB/Ns to produce heterozygous F1 offspring that were used between 3 and 9 months of age for all studies. Nontransgenic littermates were used for isolated cell studies and pathology and WT FVB/N mice were used as controls for ECG recordings.
RNA and Protein Analysis
A 356-bp XmaI-NdeI fragment from the HERG 3ЈUTR was subcloned into pGEM5Z for riboprobe synthesis. Total RNA was isolated from WT and transgenic mouse hearts using Trizol (Gibco BRL), and 20 g was taken for RNase protection analysis using 20 units of RNase T2. To study the effect of HERG on endogenous MERG expression, the 3Ј RACE technique was used to isolate MERG cDNA clones. Mouse heart poly A ϩ RNA (Clontech) was used as the starting material for 3Ј RACE (Gibco BRL protocol) with these HERG gene-specific primers: GCATCGACATGAACGCG-GTGCT (outer) and CAGGCTGACATCTGCCT (inner). PCR products were cloned using the TA Cloning system (Invitrogen), and multiple cDNAs were sequenced in both directions. A 505-bp SacI-SalI fragment from the MERG cDNA containing part of the 3Ј coding and the entire 3Ј UTR was subcloned into pGEM3Z for riboprobe synthesis. Because this region is common to all known isoforms, we discuss these results in terms of changes in MERG expression, without differentiating between isoforms. Based on the DNA sequence identity between MERG and HERG in the 3Ј UTR, it was predicted that the 505-bp MERG probe would also protect a 164-bp HERG fragment. Hearts from 18-day fetal and 1-to 3-day neonatal mice were pooled from each group for RNA analysis.
To determine HERG protein expression in transgenic mouse hearts, we used a HERG polyclonal antibody (a gift from Dr Jeanne Nerbonne, Washington University, St. Louis, Mo) raised in rabbits against the carboxyl terminus peptide sequence between residues 1145 to 1159 (LTSQPLHRHGSDPGS). This peptide sequence is identical in humans and mice, and it is present in both MERG isoforms. The HERG antibody was used for immunohistochemical analysis on frozen heart sections using HRP-and FITC-conjugated secondary antibodies (Sigma). Expression of the K ϩ channel Kv2.1 was also analyzed using an anti-peptide antibody raised against the rat protein between residues 837 to 853. 27 This antibody cross-reacts with the identical mouse epitope.
Pathology
WT (nϭ40) and transgenic (nϭ27) hearts were analyzed for morphological abnormalities using gross and microscopic end points. Body and heart wet weights were obtained, and the heart was dissected using a stereomicroscope. Wet weights were acquired for the right and left atria, the right ventricular free wall, and the combined left ventricle and septum. Tissues were immersed in neutral buffered 10% formalin, embedded in paraffin, sectioned at 6 m, and stained for histological examination. Sections were evaluated independently by 2 pathologists.
Single Cell Studies
Single ventricular myocytes were isolated from adult mice of either sex. Animals were anaesthetized with Avertin (Aldrich Chemicals) 16 L/g body weight diluted to 2.5% in sterile irrigation saline. After thoracotomy, hearts were rapidly excised and immersed in calciumfree Krebs-Henseleit buffer (KHB) at 4°C for aortic cannulation. Ventricular myocytes were enzymatically isolated using a modification of the Langendorff coronary perfusion procedure. 28 Briefly, the cannulated heart was rinsed at 37°C with KHB for 5 minutes, followed by perfusion for 5 to 10 minutes with KHB containing 0.7 mg/mL collagenase (type I, Worthington), 60 to 80 g/mL protease (type XIV, Sigma), and 0.1% BSA. Ventricles were dissected from the heart, cut longitudinally into 1-to 2-mm-thick strips and slowly agitated for 5 to 10 minutes at 37°C in 3 changes of KHB with concentrations of enzymes identical to those used in perfusion but with the addition of 1% BSA. After each incubation period, the supernatant fraction was drawn off and passed through a 200-mpore nylon mesh. The filtrate was briefly centrifuged and cell pellets resuspended in KHB with 100 mol/L CaCl 2 , 0.5% BSA, and 10 mmol/L HEPES. Myocytes were used within 5 to 6 hours after isolation.
Current recordings were made using the whole-cell patch configuration at room temperature (25°C to 26°C). Myocytes were superfused with HEPES-buffered Tyrode's solution containing (mmol/L) NaCl 138, KCl 4, MgCl 2 0.5, NaH 2 PO 4 1.6, NaHCO 3 5, CaCl 2 2, dextrose 5.5, and HEPES 10. Recording electrodes were made of 1.0-or 1.5-mm OD borosilicate capillary glass and filled with the following internal solution (mmol/L): K-aspartate 110, KCl 20, HEPES 5, EGTA 5, MgCl 2 ⅐ 6H 2 O 2, K 2 -ATP 5, phosphocreatineNa 2 5, and CaCl 2 1; the solution was adjusted to pH 7.3 with 1 N KOH. Electrodes had resistances between 2 and 3.5 M⍀, as measured in bath solution. The zero reference potential was adjusted in the bath before forming seals. Recordings were performed with an Axon Instruments 200B amplifier interfaced to a DigiData 1200 data acquisition system (Axon Instruments). Signals were typically sampled at 1 kHz and corrected for stray capacitance but not series resistance, because the magnitude of the current being recorded was considered too small (Ͻ0.2 pA/pF) to introduce significant errors. Data acquisition and analysis were performed using pClamp v6.02 software (Axon Instruments). Currents were recorded in the presence of 1 mol/L nisoldipine to block L-type Ca 2ϩ current, and a holding potential of Ϫ40 mV was used to inactivate the rapid Na ϩ current. In some studies, currents were recorded in the presence of 2 mmol/L 4-AP and 4 mmol/L TEA-Cl to isolate delayed rectifier currents from other components of outward current. Membrane currents were elicited by applying 500-or 1000-ms depolarizations in 10-mV increments at 10-second intervals, up to ϩ60 mV. All measurements were made at 100 ms after the step to reduce possible contamination from 4-AP-sensitive tail components. Action potentials were elicited by injection of brief current pulses at a cycle length of 1 second. Cells from which action potentials were recorded were quiescent at rest and yielded stable recordings for at least 15 minutes.
Intact Tissue Studies
Mice of either sex weighing between 20 and 30 grams were killed by CO 2 inhalation and exsanguination. Their hearts were quickly removed and placed into cold (4°C) physiological salt solution of the following composition (mmol/L): NaCl 118.4, KCl 4.7, CaCl 2 2.5, MgSO 4 1.2, KH 2 PO 4 1.2, NaHCO 3 24.9, and D-glucose 11.1, gassed with 95% O 2 /5% CO 2 to achieve a pH of 7.4. The atria were removed and the ventricle was opened by cutting along the left anterior descending artery tract. The ventricular preparation was pinned to the bottom of a silicone elastomer-lined (Sylgard 184, Dow Corning Corp) recording chamber exposing the left ventricular septum and free wall. Impalements were restricted to the area between the ventricular apex and the base of the posterior papillary muscle. The chamber was maintained at 37°C and continually superfused with physiological salt solution gassed with 95% CO 2 /5% O 2 . Tissues were paced with a 2-to 5-ms square pulse delivered by a bipolar silver electrode (1 Hz) at 2 times diastolic threshold. Preparations were allowed to equilibrate for 1 hour. Action potentials were recorded using glass microelectrodes that had tip resistances between 20 and 30 M⍀ when filled with 3 mol/L KCl. Signals were amplified using an Axoclamp 2A amplifier in current clamp mode and monitored on a Tektronix 5111A oscilloscope. Action potentials were digitized (12-bit ADC, 0.1-ms sampling resolution) and analyzed on-line using a 486-based personal computer and custom software. Action potential was measured at 50%, 75%, and 90% of repolarization (APD 50 , APD 75 , and APD 95 , respectively, expressed in milliseconds).
Electrocardiography
Mice were anesthetized with ketamine (100 mg/kg) and xylazine (8 mg/kg) intraperitoneally and placed under a heating lamp to prevent loss of body heat. Body temperature was monitored continuously by a rectal probe, and the position of the heating lamp was adjusted to maintain a constant temperature (37°C). The body was placed in a recumbent position, and subcutaneous needle electrodes were inserted in the limbs for 6-lead ECG recording. The leads were connected to a Gould ECG amplifier, and serial ECGs from leads I, II, III, aVR, aVL, and aVF were recorded using a Gould 2400S chart recorder at a paper speed of 100 mm/s. All reported measurements were obtained from lead I. The remaining leads were used as a reference to validate the presence of abnormal ECG patterns observed on the lead I records. The QT interval was measured from the beginning of the QRS complex to the end of the T wave, defined as the point of return to the isoelectric baseline, similar to the convention used by Berul et al. 29 To validate our recording conditions, animals were allowed to recover for 2 days, and the ECG recording was repeated. The results were consistent during the 2 days of study. Analysis was performed by 2 investigators unaware whether the records were obtained from WT or transgenic animals.
Drugs
E-4031 was synthesized as a free base and dissolved in DMSO (in vitro studies) or in 1 N HCl (in vivo studies). TEA-Cl and 4-AP were dissolved in water. Nisoldipine was a gift from Miles, Inc, and was dissolved in 70% ethanol. Stock solutions of these agents (10 mmol/L) were diluted in Tyrode's buffer to achieve the desired final bath concentration.
Statistical Analysis
Comparisons of heart weights and ECG parameters between WT and transgenic mice were performed using the unpaired Student t test. Action potential parameters from tissue and cell studies were analyzed by ANOVA using a nested factorial design. The factors considered were experimental intervention (transgene versus WT), sex, and animal, with the animal being the nested factor. The logarithmic transformation was used to stabilize the variance of the action potential data. Frequency data were analyzed using the 2 test. Significance was set at PϽ0.05. Values are expressed as meanϮSEM. In cases for which nonparametric tests were used, both median and mean population values are presented to facilitate comparisons with the published literature.
Results
Expression of HERG mRNA and Protein
Six lines expressing HERG G628S mRNA were identified by RNase protection analysis on RNA isolated from transgenic mouse hearts. The level of expression between lines was variable and showed no correlation with transgene copy number. A representative blot is shown in Figure 1 . Further mRNA analysis on multiple different tissues confirmed the heart-restricted activity of the ␣-cardiac myosin heavy chain promoter. Some expression was also detected in lung tissue and probably represents the pulmonary myocardium, where the promoter is also known to be active. 30 The level of HERG expression determined by densitometric scanning of blots was estimated to be 1-to 10-fold greater than the level of expression of endogenous MERG. Overexpression of the HERG transgene in adult mouse heart did not appear to alter the level of endogenous MERG, as evidenced by a constant MERG/␤-actin ratio, which differed by less than 25% in hearts sampled at different stages of development. HERG G628S lines 18 and 48 (the former showing Ϸ2-to 3-fold higher expression), expressed Ϸ8-and 4-fold, respectively, more HERG than MERG mRNA and were selected for detailed study. Transmission of the transgene was not sex linked.
HERG antibody strongly reacted with HERG protein in transgenic mouse hearts from line 18 ( Figure 2A) . Similar results were obtained in hearts from transgenic line 48 (data not shown). Weaker staining was observed in WT heart sections, including vascular structures, and probably represents cross-reactivity of the HERG antibody with endogenous MERG. The pattern of staining, which includes intercalated disk structures, suggests that MERG is expressed uniformly across all regions of the mouse myocardium. Detailed analysis of the data suggests 2 patterns of HERG G628S protein expression: (1) a uniform distribution across ventricles and atria well beyond the endogenous level represented by reactivity to MERG and (2) the presence of small intense clusters of HERG G628S expression from apex to atria throughout the heart ( Figure 2B) . Expression of the HERG G628S protein was particularly prominent around nuclei ( Figure 2C ). Additional analysis showed that the HERG G628S protein did not colocalize with synaptophysin, ryanodine receptor, or tropomyosin antibodies (data not shown). The punctate pattern of HERG protein expression also differed significantly from that of the endogenous Kv2.1 K ϩ channel, which showed uniform membrane expression in ventricles and atria (Figure 2A ).
Pathology
Both gross and histopathological examination of transgenic mouse hearts indicated no overt structural abnormalities . Staining with HERG antibody shows cross-reactivity with endogenous MERG, which is expressed in heart, blood vessels, and other tissues (data not shown). B, HERG immunofluorescence shown in transgenic heart cross sections at different locations (ϫ100 magnification). Control (a), apex (b), ventricular (c, d, and e), and atrial (f). Note areas of punctate staining. C, Prominent perinuclear HERG immunoreactivity in transgenic hearts (ϫ400 and ϫ1000 magnifications). Sections from WT (a and b) and transgenic (c, d, e, and f) mouse hearts. Panel f shows DAPI counterstain for nuclei. Note that perinuclear staining is absent in WT heart and is not associated with all nuclei in transgenic heart. compared with WT controls. No significant inflammatory changes were noted within the heart, and there was no evidence of increased interstitial fibrosis. Body weights were similar in both WT and transgenic mice. However, the ratio of heart weight to body weight was significantly increased in female transgenic mice (6.2Ϯ0.2, nϭ10, line 18 G628S females; 6.1Ϯ0.4, nϭ5, line 48 G628S females) compared with WT females (4.7Ϯ0.2, nϭ15), with no differences observed between WT (5.7Ϯ0.2, nϭ25) and transgenic (5.4Ϯ0.1, nϭ12) males. The cell capacitance of isolated ventricular myocytes in both groups was unchanged, averaging 184Ϯ8 and 186Ϯ5 pF in WT males (nϭ72) and females (nϭ102), respectively, and 205Ϯ9 and 190Ϯ6 pF in transgenic males (nϭ39) and females (nϭ61), respectively.
ECG Measurements
Basic ECG intervals in G628S and WT mice were generally consistent with those reported in C57BL/6J mice. 29 Data were pooled from lines 18 and 48, because a separate analysis did not show any significant difference in the results obtained in these 2 lines. For adult WT mice, the QT interval was 98.9Ϯ2.5 ms (nϭ23). The average sinus cycle length corresponded to a heart rate of 191 bpm (R-R intervalϭ315Ϯ14 ms). Compared with age-matched WT controls, expression of the HERG G628S mutation produced no significant change in any ECG interval including the QT (89.5Ϯ3.5 ms) and R-R (286Ϯ16 ms) intervals (nϭ21). However, Ϸ20% of the transgenic mice screened from lines 18 (10/54, 18.5%) and 48 (6/26, 23.1%) showed some form of irregularity, most frequently involving alterations in the QRS complex. The most common aberrations were accentuated negative Q or S waves and, less frequently, changes in the configuration of the T wave (ie, a negative deflection of the initial peak). No abnormality was observed in any of the 25 WT mice under similar study conditions. When the animals with ECG irregularities were analyzed according to sex, the abnormalities distributed preferentially to transgenic females (13/37, 35%), with relatively few seen in transgenic males (3/43, 7%) (PϽ0.01). Preliminary studies attempting to induce cardiac arrhythmias in G628S mice using programmed electrical stimulation yielded only infrequent and nonspecific responses, suggesting an absence of any proarrhythmic potential associated with overexpression of the HERG mutation (data not shown).
I Kr Is Present in Adult WT Mice
In ventricular myocytes isolated from WT adult mice, a small delayed rectifier current was consistently observed that displayed gating properties similar to I Kr in other species, including inward rectification at positive potentials and sensitivity to E-4031 ( Figure 3A through 3C ). Activation curves constructed using E-4031-sensitive tail currents were well fitted by a simple Boltzmann distribution with V 1/2 ϭ4.2Ϯ0.7 mV and kϭ10.5Ϯ0.7 mV (nϭ27) ( Figure 4A ). Kinetic analysis of the difference tail currents revealed 2 components of deactivation with time constants of 127Ϯ8 and 1686Ϯ330 ms (nϭ17). E-4031 was a potent blocker of the current, with an IC 50 ϭ59Ϯ6 nmol/L. However, block of the tail currents by E-4031 was incomplete, with a small outward component, representing Ϸ25% of the total tail current amplitude, remaining even after exposure to the highest concentrations of E-4031 (10 mol/L) and the presence of both TEA (4 mmol/L) and 4-AP (2 mmol/L) ( Figure 4B ). This residual component of outward tail current was blocked by 30 mol/L azimilide (data not shown), suggesting it represents the slowly activating delayed rectifier K ϩ current, I Ks . In a total of 90 cells from 13 WT hearts studied under control conditions, total tail current amplitudes averaged 45.6Ϯ2.1 pA and were normally distributed around the mean ( Figure 5, open bars) . Tail currents measuring Ն30 pA were present in 87% of the preparations tested. Together with the immunofluorescence results, these data suggest a relatively uniform distribution of I Kr and its corresponding channel protein within the murine ventricle.
Role of I Kr in Normal Ventricular Repolarization
Action potentials recorded from single WT ventricular myocytes showed considerable variability in both duration and waveform. Whereas most action potentials were spike-like and lacked a well-defined plateau phase, some cells exhibited a mildly prolonged low-voltage plateau or "bump" that slowly decayed toward the resting potential ( Figure 6A) . Measured values for action potential duration ranged widely regardless of the level of repolarization used for analysis. The amount of outward current recorded during the test depolarization also varied markedly from cell to cell ( Figure 6A,  insets) .
Histograms summarizing all measurements of APD 50 , APD 75 , and APD 95 in WT mice are presented in Figure 7A . In contrast to the normal distribution found for I Kr tail current amplitude, the distribution of action potential durations was positively skewed. It is not clear whether this result represents the inclusion of different cell types in the analysis (eg, Purkinje fibers or M cells) or a natural heterogeneity in repolarizing currents within the ventricular myocardium. Median action potential durations for the WT ventricle were 1.5, 3.6, and 30.9 (nϭ96) at APD 50 , APD 75 , and APD 95 , respectively, which can be compared with means of 2.1Ϯ0.2, 5.2Ϯ0.4, and 33.1Ϯ1.7 ms, respectively, calculated for the same population of cells assuming an underlying normal distribution. There was no significant difference in action potential duration between male and female WT mice at any level of repolarization.
The addition of 5 mol/L E-4031 to single WT ventricular cells produced relatively modest changes in action potential waveform. Action potential duration was prolonged by E-4031 at one or more levels of repolarization in 25 of 30 cells (83%) but was unchanged in the remainder. Overall, E-4031 increased median APD 50 , APD 75 , and APD 95 values by 11.3%, 12.2%, and 9.5%, respectively (PϾ0.05 versus predrug, nϭ30). These data suggest that I Kr plays a limited role in determining the repolarization time course in the adult murine ventricle. It should be noted, however, that the subpopulation of WT cells exposed to E-4031 differed somewhat from the total distribution of cells studied, tending to be shorter in duration at each level of repolarization. Specifically, 90% of the cells used in the E-4031 study had APD 50 , APD 75 , and APD 95 values Ͻ2.5, 8, and 48 ms, respectively, whereas the corresponding 90% cutoff values for APD 50 , APD 75 , and APD 95 in the more general WT population were 4, 12, and 58 ms, respectively. Correspondingly, the amount of E-4031-sensitive tail current in this group of cells (22.6.Ϯ2.6 pA, nϭ28) was much smaller than expected from other experimental analyses of maximal I Kr amplitude in the present study, eg, the concentration-response curve (36.3 pA) and the determination of the activation curve (36.0 pA). Given that maximal tail current amplitude before E-4031 exposure (47.0Ϯ3.2 pA, nϭ30) was comparable to that measured in the more general WT myocyte population (45.6Ϯ2.1 pA, nϭ90), these results suggest that I Kr constituted a smaller fraction of total repolarizing current in the subgroup of WT cells used in the action potential experiment. The relatively modest effects of E-4031 on repolarization time course in this subgroup therefore does not necessarily preclude the possibility of a greater contribution of I Kr to repolarization time course in different myocardial cell types and/or regions of the ventricle.
I Kr Is Abolished in Adult Transgenic Mouse Ventricular Myocytes
Tail currents in ventricular myocytes from HERG G628S transgenic mice were typically much smaller than those observed in cells from WT animals under similar conditions. A representative tracing is shown in Figure 8 . Overall, mean tail current amplitude in G628S myocytes (13.9Ϯ3.3 pA, nϭ46) was only 30% of that recorded in WT controls, which is similar to the amount of E-4031-insensitive current seen in WT cells (Figure 4) . Tail currents measuring Ն30 pA were present in only 11% of the preparations tested. The small tail currents recorded in G628S cells were insensitive to E-4031, 4-AP, and TEA, suggesting that they represented deactivation of I Ks . The difference in the average tail current amplitude between WT and G628S myocytes (31.7 pA) is comparable to the amount of E-4031-sensitive tail current in WT cells in other experiments (Ϸ36 pA), consistent with the conclusion that overexpression of the HERG G628S mutation effectively abolishes endogenous I Kr in the mouse ventricle, presumably through a dominant negative action on the native channel protein.
No data were obtained indicating that compensatory changes in other outward currents had occurred. However, exposure to TEA and 4-AP did not significantly alter tail current amplitude in G628S cells (13.9Ϯ3.3 pA, nϭ46 versus 17.8Ϯ2.3 pA, nϭ22), despite producing a significant 21.9% reduction in WT myocytes (45.6Ϯ2.1 pA, nϭ90 versus 35.6Ϯ1.6 pA, nϭ65). This result may suggest a possible decrease in 4-AP/TEA-sensitive outward current in G628S ventricular cells.
Prolongation of Action Potential Duration in G628S Mice
In single ventricular myocytes isolated from G628S mice of either sex (nϭ73), median action potential duration was significantly prolonged by 50%, 61%, and 43% at APD 50 , APD 75 , and APD 95 , respectively, when compared with WT controls (nϭ96). No within-group sex-based differences were noted in action potential duration between WT or transgenic males and females. Representative traces of action potentials from G628S mice are shown in Figure 6B . As in the case of the WT animals, there was considerable variability in the amount of outward current during the test pulse ( Figure 6B , insets). The distribution of measured action potential durations was positively skewed and perhaps somewhat broader than in the WT population ( Figure 7B ).
Action potentials recorded using sharp microelectrodes in intact ventricular tissue from G628S and WT mice did not Figure 6 . Action potential waveforms in single ventricular myocytes isolated from WT and G628S mouse hearts. The traces illustrate the wide range of action potential durations and the amounts of outward current (insets) present in myocytes from WT (A) and G628S transgenic mice (B). Cells used in these studies had a regular shape and morphology, were quiescent, and tolerated current injection without developing automaticity. Recordings were generally stable for 15 to 20 minutes. Outward currents were elicited by 500-ms step depolarizations to various test potentials from a holding potential of Ϫ40 mV. Calibration bars (inset): 1 second, 2000 pA.
differ significantly in any of the parameters measured. No sex-based differences in action potential duration, maximal upstroke velocity, or maximum diastolic potential were observed in either WT or transgenic populations at any cycle length tested. These data are summarized in the Table.
Discussion
These studies clearly establish the presence of an E-4031-sensitive delayed rectifier current in adult mouse ventricular myocytes. They also demonstrate for the first time that expression of the HERG G628S mutation in transgenic mouse hearts can result in the dominant negative suppression of I Kr in vivo. However, overexpression of the G628S HERG mutation did not generate either the arrhythmias or ECG abnormalities typically found in LQT2, although single cell action potential duration was prolonged.
The recording of I Kr in adult mouse cardiac myocytes contrasts with previous reports that this current is developmentally regulated and present only in fetal and neonatal murine preparations. 21, 22 I Kr -like currents were identified in nearly all cells studied, consistent with our finding that MERG protein is uniformly expressed across the murine ventricle. The gating properties and pharmacology of mouse I Kr are similar to those in other species. The current is extremely sensitive to E-4031 (IC 50 ϭ59 nmol/L) and is half maximally activated at ϩ4 mV. The voltage dependence of activation is similar to that previously reported for I Kr in AT-1 cells, 31 HERG/minK current expressed in oocytes, 32 and ventricular myocytes from cat, 33 rabbit, 34 and neonatal mouse 21 but more positive than the I Kr activation curves found in guinea pig ventricle, 35 fetal mouse ventricular cells, 19 human cardiomyocytes, 36, 37 or MERGB current. 24 Because the analysis in the present study was performed using E-4031-sensitive difference currents, the more positive location of the I Kr activation curve cannot be explained by contamination with overlapping currents such as I Ks , which is also present in this preparation, but rather may reflect real species and/or developmental differences in the subunit composition of the native channel. The decay of the E-4031-sensitive tail current was biexponential, with time constants on the order of 80 to 200 ms and 600 to 2500 ms at a holding potential of Ϫ40 mV. This is in the same range as reported for the I Kr tails in fetal mouse ventricle 19 38 guinea pig (0.7 pA/pF), 35 and human (0.4 pA/pF) 37 but considerably smaller than the current densities reported in fetal mouse ventricle and AT-1 cells (Ն2.5 pA/pF). 22, 31 The apparent reduction in I Kr density from fetal to adult mouse is not consistent with a dramatic downregulation of channel protein when differences in cell size are taken into account, because absolute current magnitude shows at most a 2-fold increase whereas membrane capacitance increases more than 6-fold. 21 This suggests that nearly the same amount of channel protein is generated in both fetal and adult tissue but is incorporated into a larger amount of cell membrane in the adult. This conclusion is also supported by our observation that the amount of MERG message remains fairly constant relative to the molecular marker ␤-actin in 18-day fetal and 1-to 3-day neonatal and adult myocytes. Davies et al 20 similarly concluded that the expression levels of I Kr remain the same in the mouse heart from early (11 to 13 days postcoitum) to late (17 to 20 days postcoitum) embryonic development and that apparent differences in E-403-sensitive current magnitude disappeared when normalized to cell capacitance. In the adult, a 6-fold increase in total amount of membrane containing even a relatively constant number of channels would be expected to confound 3 H-dofetilide binding studies, given the high degree of nonspecific binding (Ϸ50%) present in this assay. 22 There were 2 apparent discrepancies in the results obtained in the present study. First, action potential duration was significantly and markedly prolonged in single G628S myocytes but unchanged in intact ventricular strips, and no QT prolongation was seen in vivo. Second, we found that exposure of single myocytes to high concentrations of E-0431 prolonged action potential duration much less than would be expected given the data in G628S cells. The loss of an effect on ventricular repolarization in intact tissue and in vivo might be explained by a minimal role of I Kr relative to other repolarization currents at more rapid heart rates, resembling the so-called reverse use-dependent effect of specific I Kr blockers, compounded by the effects of temperature on channel gating. We did not test this hypothesis by recording action potentials in single cells at higher temperatures and faster rates, because the nonphysiological conditions used (25°C, 1-Hz pacing) were considered necessary for cell stability. The syncytial nature of the ventricular wall may further attenuate the prolongation that was seen at the single cell level.
It is more difficult to explain the relative lack of an E-4031 effect in WT cells. In principle, blocking I Kr using E-4031 should be equivalent in its effects on the action potential to the dominant negative suppression of MERG channel assembly by the G628S mutation. However, the WT myocytes used in the E-4031 study may not have been a completely representative sample, because they appeared to have shorter action potentials at baseline and relatively less I Kr as a fraction of their total tail current than the more general population studied. It is also possible that the pharmacological effects of E-4031 were reduced under the conditions of the study, with block either occurring too slowly during the brief action potential or recovering too completely during the intervening diastolic interval to alter the repolarization time course. However, we view this explanation as unlikely given the reported use-and state-dependent properties of E-4031 and other class III antiarrhythmics. Alternatively, the overexpression of the G628S mutation may have somehow resulted in the loss of other repolarizing currents, leading to a greater prolongation of action potential duration. Possible compensatory changes in other ion channel proteins were not rigorously followed, except for MERG and Kv2.1, which did not appear to change. There was also no dramatic change in the magnitude of the TEA/4AP-insensitive (ie, azimilide- sensitive) tail current. We did, however, find little or no TEA/4AP-sensitive tail current in the G628S cells, but this result is difficult to interpret, because the data were obtained using protocols that minimized the contribution of currents other than I Kr . Given the natural and wide-ranging variability observed in both the duration of the repolarization phase and the amount of outward current present in each cell, it is difficult to exclude the possibility that some cell types or regions of the heart are more sensitive to this type of genetic perturbation or that compensatory changes in TEA-and/or 4AP-sensitive currents did in fact occur. The possibility of coordinate changes merits additional detailed study.
The in vivo suppression of endogenous I Kr by the cardiacspecific expression of the HERG G628S mutation supports the view that the human mutation functions in a dominant negative manner. Recently, the mechanism of action of a ⌬1261 HERG mutation was shown to occur via a subunit interaction domain of 135 amino acids located at the N-terminal region of the protein. 39 This region appears to be important for tetramer formation. The significance of the apparent clustering of HERG G628S protein expression in the transgenic mouse heart is unclear, but it may reflect an accumulation of mutant protein assemblies in subcellular organelles during processing, as recently reported for the trapping of heteromultimeric complexes involving a truncated Kv1.1 polypeptide.
40
Clinical Relevance
The cardiac-specific overexpression of the G628S mutation failed to produce a murine model of LQTS. These results differ from the phenotype obtained in transgenic mice generated by the expression of a truncated Kv1.1 polypeptide in the heart, 41 which affects the assembly of the large, slowly inactivating 4-AP-sensitive outward current and results in more severe electrophysiological consequences than seen with the selective inhibition of I Kr , including the generation of spontaneous arrhythmias. In the mouse and rat, repolarization is dominated by a large inactivating outward current that typically plays a more limited role in higher species. Because the balance of ionic currents underlying the murine ventricular action potential differs so dramatically from that in human ventricle, the mouse is likely to have only limited utility as an electrophysiological model of human cardiac disease. However, it may hold considerable value for dissecting repolarization currents in the mouse heart and as a means of examining the mechanism(s) by which the G628S mutation exerts its dominant negative effect on native cardiac cells in vivo.
The ECG changes seen predominantly in female transgenic mice, although minor, are suggestive of an abnormal pattern of ventricular conduction and unexpected, on the basis of our current understanding of the LQTS and the role of I Kr in ventricular electrogenesis. To date, there have been no reports of aberrant QRS complexes in any form of LQTS, including LQT3, which derives from a series of specific mutations in the SCN5a gene underlying the excitatory cardiac Na ϩ channel. 11 Similarly, as a class, drugs that specifically block I Kr , eg, dofetilide and E-4031, have no effect on intracardiac conduction or QRS morphology. 42 There is one isolated anecdotal report of aberrant conduction in a patient with atrial fibrillation treated with dofetilide in whom right atrial pacing induced critical retrograde conduction delays that were associated with a large difference in refractoriness between the right bundle branch and right ventricular myocardium, 43, 44 but this appears to be a unique incident. Autopsies of patients with LQTS suggest the occurrence of subendocardial fibrosis and possible derangements in the His-Purkinje system. [45] [46] [47] However, there was no evidence of such histopathological changes in the present study; hearts appeared to be completely normal, apart from a statistically significant and sex-specific increase in heart weight in female transgenic animals. At the present time, minor alterations in the pathway for ventricular excitation secondary to an increase in heart weight appears to be the most likely explanation for the observed ECG aberrancies.
Limitations of the Study
The primary focus of the current set of experiments was to characterize the effects of overexpressing the human G628S mutation on endogenous I Kr in the mouse ventricle and to determine whether this resulted in a model of LQT2. Although some attempt was made to determine whether compensatory changes in electrophysiology or cardiac structure might have occurred, a rigorous analysis of these effects was beyond the scope of the initial experiments.
The reason for the increased heart weight in transgenic females remains unclear and may have little or no physiological relevance. Although expression of the myosin heavy chain is known to be regulated at the transcriptional level by thyroid 30 and steroid 48, 49 hormones, no sex-specific increases in heart weight have been noted in other transgenic models that used the ␣-myosin heavy chain promoter to achieve cardiac-specific protein expression (J. Robbins, PhD, oral communication, April 1998). There are no data suggesting that overexpression of the HERG G628S mutation would induce cardiac hypertrophy or hyperplasia nor has cardiac enlargement been reported in any of the clinical manifestations of LQTS. It will be important to confirm the current findings and to identify a possible molecular basis for the changes.
